Clinical and Translational Science Institute

Centers

6-2-2017

MTI-101 treatment inducing activation of Stim1 and TRPC1
expression is a determinant of response in multiple myeloma
Michael F. Emmons
H. Lee Moffitt Cancer Center and Research Institute

Nagaraju Anreddy
West Virginia University

Javier Cuevas
University of South Florida

Kayla Steinberger
West Virginia University

Shengyu Yang
H. Lee Moffitt Cancer Center and Research Institute

See next page for additional authors
Follow this and additional works at: https://researchrepository.wvu.edu/ctsi
Part of the Medicine and Health Sciences Commons

Digital Commons Citation
Emmons, Michael F.; Anreddy, Nagaraju; Cuevas, Javier; Steinberger, Kayla; Yang, Shengyu; McLaughlin,
Mark; Silva, Ariosto; and Hazlehurst, Lori A., "MTI-101 treatment inducing activation of Stim1 and TRPC1
expression is a determinant of response in multiple myeloma" (2017). Clinical and Translational Science
Institute. 564.
https://researchrepository.wvu.edu/ctsi/564

This Article is brought to you for free and open access by the Centers at The Research Repository @ WVU. It has
been accepted for inclusion in Clinical and Translational Science Institute by an authorized administrator of The
Research Repository @ WVU. For more information, please contact ian.harmon@mail.wvu.edu.

Authors
Michael F. Emmons, Nagaraju Anreddy, Javier Cuevas, Kayla Steinberger, Shengyu Yang, Mark
McLaughlin, Ariosto Silva, and Lori A. Hazlehurst

This article is available at The Research Repository @ WVU: https://researchrepository.wvu.edu/ctsi/564

www.nature.com/scientificreports

OPEN

Received: 30 January 2017
Accepted: 4 April 2017
Published: xx xx xxxx

MTI-101 treatment inducing
activation of Stim1 and TRPC1
expression is a determinant of
response in multiple myeloma
Michael F. Emmons1,2, Nagaraju Anreddy3, Javier Cuevas4, Kayla Steinberger3, Shengyu
Yang1, Mark McLaughlin3, Ariosto Silva5 & Lori A. Hazlehurst3
The emergence of drug resistance continues to be a major hurdle towards improving patient outcomes
for the treatment of Multiple Myeloma. MTI-101 is a first-in-class peptidomimetic that binds a CD44/
ITGA4 containing complex and triggers necrotic cell death in multiple myeloma cell lines. In this report,
we show that acquisition of resistance to MTI-101 correlates with changes in expression of genes
predicted to attenuate Ca2+ flux. Consistent with the acquired resistant genotype, MTI-101 treatment
induces a rapid and robust increase in intracellular Ca2+ levels in the parental cells; a finding that was
attenuated in the acquired drug resistant cell line. Mechanistically, we show that pharmacological
inhibition of store operated channels or reduction in the expression of a component of the store
operated Ca2+ channel, TRPC1 blocks MTI-101 induced cell death. Importantly, MTI-101 is more potent
in specimens obtained from relapsed myeloma patients, suggesting that relapse may occur at a cost
for increased sensitivity to Ca2+ overload mediated cell death. Finally, we demonstrate that MTI-101
is synergistic when combined with bortezomib, using both myeloma cell lines and primary myeloma
patient specimens. Together, these data continue to support the development of this novel class of
compounds for the treatment of relapsed myeloma.
Although there has been considerable progress in the treatment and survival rates of patients with multiple
myeloma (MM), this malignancy remains an essentially incurable disease in dire need of new treatment strategies1, 2. We propose that targeting Ca2+ homeostasis is a tractable approach for treating MM that is resistant
to standard-of-care agents. In support of this notion, recent studies have shown that cancer cells rewire their
Ca2+ circuitry, including increased expression of components of store-operated channels (SOC) such as Ca2+
Release-activated Ca2+ Modulator 1 (Orai1), stromal interaction molecule 1 (STIM1), and the transient receptor potential channel 1 (TRPC1)3, 4. Moreover, SOCs appear to contribute to oncogene-mediated proliferation,
migration and metastasis of cancer cells5–7. Accordingly, we reasoned that remodeling Ca2+ homeostasis of cancer
cells provides an attractive therapeutic opportunity, as Ca2+ overload can trigger cell death8.
Intracellular Ca 2+ levels are controlled by signals emanating from the plasma membrane, including
G-protein-coupled receptors (GPCR), receptor tyrosine kinases (RTK), and cell adhesion molecules, including CD449. Ca2+ homeostasis relies on the activation of specific phospholipases, including phospholipase-C β
(PLCβ) by Gq/11 GPCRs or Phospholipase-C γ (PLCγ) by RTKs. These phospholipases cleave phosphatidylinositol 4,5-bisphosphate (PIP2) into the secondary messenger’s inositol triphosphate (IP3) and diacylglycerol (DAG).
IP3 binds to the inositol triphosphate type 3 receptor (IP3R) on the endoplasmic reticulum (ER) membrane,
which causes release of ER Ca2+ stores into the cytosol. ER Ca2+ depletion is then sensed by the scaffold protein
STIM1, which changes its conformation and causes aggregation in the ER just below the cell membrane. Upon
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aggregation, STIM1 interacts with Orai1 and TRPC1, an essential components of SOC, and this interaction then
promotes Ca2+ influx into cytosol10, 11.
A large body of data suggests that alterations in Ca2+ homeostasis can provoke necrosis. Under normal physiological conditions, extracellular Ca2+ is 5 mM whereas intracellular free Ca2+ ranges from 50 nM in the cytosol
to ~500 µM in the ER. Specifically, prolonged elevation of free cytoplasmic Ca2+ (>1 µM) triggers mitochondria
Ca2+ overload12, the opening of the mitochondrial permeability transition pore and the depletion of ATP, which
leads to necrosis13. Furthermore, increased levels of cytoplasmic Ca2+ triggers the activation of Ca2+-dependent
calpain proteases that permeabilize lysosomal membranes, thereby releasing lysosomal enzymes into the cytoplasm that also contribute to necrotic cell death14.
We recently showed that a D-amino acid linear peptide coined HYD1 and a more potent second-generation
cyclized analog coined MTI-101 binds to a CD44/ITGA4-containing complex and provokes necrotic cell death15–17.
The cell death pathway elicited by this novel class of molecules includes increased levels of reactive oxygen species
(ROS), depolarization of the mitochondrial membrane potential, and depletion of ATP, all hallmarks of necrosis.
Historically, necrosis was thought an uncontrolled form of cell death triggered by bioenergetic events that lead
to a loss in osmolality, organelle and cell swelling and ultimately, cell lysis18. However, more recent studies have
shown that necrosis can be triggered by “necroptotic” signaling pathways, including the Ripk1/Ripk3 circuit
directed by tumor necrosis factor-alpha (TNFα)19–21.
Our recent studies demonstrated that MTI-101-induced cell death was only partially dependent on the
TNFα-Ripk1/Ripk3 necroptotic pathway16. To gain insights into additional determinants of MTI-101-induced
necrosis, we performed gene expression profiling on an acquired drug resistant cell line and found that genes
predicted to attenuate store operated mediated Ca2+ flux were attenuated. Based on these data we hypothesized
that Ca+ flux was a determinant of MTI-101 induced cell death in myeloma cell lines and primary patient specimens. To address our hypothesis we used both shRNA strategies and pharmacological approaches to attenuate
store operated Ca2+ flux and showed that this pathway was indeed a determinant of MTI-101 induced cell death.

Results

Treatment with MTI-101 or HYD1 Increases Intracellular Ca2+ Levels in MM Cells.

To determine the mechanism by which HYD1 and its cyclic analogue MTI-101 induces cell death in NCI-H929 cells, we
developed the HYD1-resistant isogenic cell line H929–6015, 16. As shown in Fig. 1A the IC50 value for H929 is
1.2 +/− 1.15 uM while for, H929-60 cells the IC50 value was 9.3 +/− 1.08 uM towards MTI-101 induced growth
arrest as measured by MTT assays (n = 3 independent experiments p < 0.05, t-test). Gene expression profiling
of the parental and drug resistant variant was used to determine pathways that were altered as cells gained resistance to MTI-101. Specifically, the expression of PLC-β, the IP3 isoform 3 receptor, TRPC1, and TRPM7 were all
reduced in H929-60 cells (Table 1). Moreover ATP2A3 the SERCA channel was also downregulated in the drug
resistant line (Table 1). Interestingly, recent studies indicate that TRPC1 and Orai1 expression regulate STIM1dependent Ca2+ entry22, 23. Moreover, TRPM7 is a substrate of MLKL (mixed-lineage kinase domain-like protein),
which is phosphorylated by Ripk3 following treatment with TNFα, linking Ca2+ entry with the necroptotic cell
death pathway24. As shown in Fig. 1B a subset of the genes identified by microarray analysis were validated by
real-time RT-PCR (n = 3 independent experiments performed in triplicates p < 0.05, Student’s t-test) and western
blot analysis, respectively (n = 3 independent experiments). Interestingly, TRPM6 and TRPM8 were increased
in the resistant cell line and may contribute to maintaining Ca2+ homeostasis in the resistant cell line despite
reduced expression of the store Ca2+ operated channel pathway.
To test if HYD1 or MTI-101 treatment affected intracellular Ca2+ levels, NCI-H929 and H929-60 cells were
loaded with fura-2 dye, and time-lapse images were taken every ten seconds for either 60 min (HYD1) or for
30 min (MTI-101) after treatment. Treatment with both HYD1 (75 µM) and MTI-101 (3 µM) triggered increases
in intracellular Ca2+ levels in NCI-H929 and H929-60 cells. Furthermore, the levels of intracellular Ca2+ pools
that were induced by MTI-101 were reduced in H929-60 vs. NCI-H929 cells (Fig. 1D), suggesting that HYD1and MTI-101-induced MM death was due to Ca2+ overload. NCI-H929 cells were thus examined to assess if there
were differences in total Ca2+ levels or differences in temporal Ca2+ levels after HYD1 or MTI-101 treatment.
MTI-101 is more efficient in eliciting a Ca2+ response in MM cells than HYD1, consistent with the increased
potency of MTI-101 vs. its linear counterpart on inducing cell death16. Collectively, these findings suggest that
acquisition of resistance to this class of compounds is associated with changes in genes predicted to rewire Ca2+
homeostasis.

MTI-101-induced Increases in Intracellular Ca2+ are Caused by Release of Ca2+ From ER Stores
and Ca2+ Entry via Store-operated Channels. Increase in intracellular Ca2+ occur either by influx

through the plasma membrane channels or exchangers (i.e., voltage-gated channels, SOC, Na+-Ca2+ exchanger)
or via release from internal stores such as the ER25–27. One means of Ca2+ release from ER stores is through the
opening of the IP3R caused by PLC activation25. To test if activation of PLC was involved in MTI-101-induced
intracellular Ca2+ increases, NCI-H929 or U266 cells were pre-treated with 2 µM or 1 µM of the PLC inhibitor U7312228, respectively, and were then treated with MTI-101. This assay was performed in the presence and
absence of extracellular Ca2+ to determine the effects of MTI-101 on Ca2+ influx to cells. After treatment with
MTI-101, the effects on Ca2+ levels were measured using Fura-2. U73122 treatment decreased MTI-101-induced
Ca2+ levels in both NCI-H929 (Fig. 2A) and U266 cells (data not shown); a finding that was further attenuated
upon removal of extracellular Ca2+ indicating that increased levels of Ca2+ induced by MTI-101 occur via both
release of ER stores and Ca2+ entry via store-operated channels. Although, we could not detect a decrease in
peak levels of Ca2+ in the absence of the PLC inhibitor (Fig. 2B,C), removing extracellular Ca+2 reduced the
MTI-101-induced sustained increases in Ca2+ levels (as measured by the area under the curve) in both H929
and U266 cells (Fig. 2D,E). Together these data indicate that Ca2+ release from the ER, via activation of the IP3R,
Scientific Reports | 7: 2685 | DOI:10.1038/s41598-017-02713-0
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Figure 1. Selection for HYD1 resistance in NCI-H929 MM cells correlates with changes in Ca2+ signaling
pathways. (A) Effect of MTI-101 on parentral (NCI-H929) and acquired drug resistant H929-60 cells. The
H929-60 cells were developed by continuous exposure to the first generation linear peptide referred to as
HYD-1. The H929-60 cell line is cross resistant to MTI-101 induced growth arrest. IC50 values of MTI-101
were determined using the MTT cell viability assay. Each value in the curve is the average of 3 independent
experiments ± standard deviation. The resistant cell line was 7.8 fold resistant (n = 3 independent experiments
p < 0.05 t-test). (B,C) Select genes were further validated by real time RT-PCR (n = 3 independent experiments
p < 0.05, Student’s t-test, multiple testing corrected by Bonferroni-Dunn method) and western blot analysis
(n = 3 independent experiments, shown is a representative blot). (D) Effect of MTI-101 on intracellular Ca2+
levels in NCI-H929 and H929-60 cells. H929 and H929-60 MM cells were adhered to cell-tak coated plates
and were incubated with Fura-2 dye for 30 min. Time-lapse images were taken every 10 seconds for either
60 min after treatment with 75 µM HYD1 or 30 min after treatment with 3 µM MTI-101. Drug was delivered
using a constant flow rate of continuous exposure of the drug. A one-way ANOVA test was used to determine
significance (#p > 0.05; *p < 0.05; n = 30 or greater).

Gene
Symbol

Average Signal +/− SD
(n = 3) H929

Average Signal +/− SD
(n = 3) H929-60

Fold Change
H929-60/H929

p-value
(paired t-test)

ITPR3

891 +/− 3.8

PLCB1

525.5 +/− 126

474 +/− 33

0.53

0.0027

325.6 +/− 57.4

0.66

TRPC1

0.045

241.7 +/− 45.8

138.5 +/− 20.24

0.54

TRPM7

0.024

328.8 +/− 31

208.4 +/− 13.4

0.63

0.013

ATP2A3 1215 +/− 139

557 +/− 75

0.46

0.008

TRPM6

20.4 +/− 5.4 (A)

146 +/− 15.9

7.2

0.008

TRPM8

65.6 +/− 31

228.4 +/− 42

3.5

0.018

Table 1. Microarray gene expression profiling of NCI-H929 and H929-60 cells. The mean expression values of
the three independent experiments were compared between NCI-H929 and H929-60 cell lines. Fold change was
calculated by ratio between NCI-H929 H929-60 cell lines.
contributes to the peak levels and Ca2+ entry through plasma membrane channels contribute to the sustained
high levels of Ca2+ observed following treatment with MTI-101.
These findings suggest that blocking Ca2+ release from ER stores and/or Ca2+ entry would inhibit MTI101-induced cell death. Thus, we tested whether 2-APB, which blocks Ca2+ release through the IP3R as well as
SOC-mediated Ca2+ entry29, affected MTI-101-induced myeloma cell death. Notably, both NCI-H929 and U266
cells pretreated with 2-APB are resistant to MTI-101-induced cell death (Fig. 3A,B). To determine whether Ca2+
entry into mitochondria contributes to death we blocked the mitochondria uniporter with RU360. As shown in
Fig. 3A,B pretreatment with RU360 blocks MTI-101 induced cell death (p < 0.05, students T-test). These data

Scientific Reports | 7: 2685 | DOI:10.1038/s41598-017-02713-0

3

www.nature.com/scientificreports/

Figure 2. MTI-101 triggers release of ER Ca2+stores and influx of Ca2+ entry by plasma membrane store
operated channels (SOC). (A) MTI-101 mediated intracellular Ca2+ levels were measured by using Fura-2 dye.
NCI-H929 cells were adhered to cell-tak coated plates and then incubated with Fura-2 dye +/− 2 uM U73122
for 30 min in PSS containing Ca2+ and PSS without Ca2+. Time-lapse images were taken every 10 seconds for
30 min after treatment with 3 µM MTI-101. A representative H929 cell closest to the median Ca2+ response of
the whole population is shown. The peaks were then measured and subtracted from the baseline Ca2+ levels. A
representative experiment for (B) NCI-H929 and (C) U266 is shown. (D and E) The total level of Ca2+ induced
by MTI-101 was determined by measuring the area under the curve for each individual cell. A one-way ANOVA
test determined significance (#p > 0.05; *p < 0.05; n = 30 or greater). Shown is a representative experiment
performed in triplicate.

suggest that MTI-101-induced cell death is, at least in part, due to Ca2+ overload of mitochondria. As shown in
Fig. 3C,D, cells pre-treated with 2-APB and then treated with MTI-101 inhibits MTI-101-mediated increases
in intracellular Ca2+ (Fig. 3C,D). Thus, blocking increases in intracellular Ca2+ is sufficient to inhibit MTI-101
induced cell death.
To test whether MTI-101 induces activation of STIM1 as determined by the formation of punctae and trafficking to ER/PM junctions, we used TIRF microscopy, which images 100 nm proximity of the surface of the slide. As
shown in Fig. 4A,B, U266 cells which overexpress STIM1 m-cherry have significantly increased levels of Stim1 as
determined by total fluorescence intensity near the plasma membrane (p < 0.05, Two-way ANOVA). To test the
specific role of TRPC1, a component of the store-operated channels we used shRNA to reduce the expression of
TRPC1. As shown in Fig. 4C,D, reducing the expression of TRPC1 significantly inhibits MTI-101 induced cell
death (p < 0.05, student’s t-test).

MTI-101/Bortezomib Combination demonstrates Increased Anti-Myeloma Activity in vitro and
In Vivo. Several reports indicated that blocking L-type Ca2+ channels or blocking Ca2+ uptake by inhibiting

the mitochondria uniporter blocks cell death induced by bortezomib. In contrast, 2-APB was not shown to block
bortezomib-induced cell death. It is attractive to speculate that increased Ca2+ via L-type, and store-operated
channels converge to cause synergistic cell death via Ca2+ overload of the mitochondria in myeloma cells30, 31.
Thus we next sought to determine the activity of MTI-101 in combination with the standard of care agent bortezomib in 5TGM1 cells (Fig. 5A). For 5TGM1 cells we utilized a bone marrow stroma co-culture model and
time lapse imaging of individual cells to determine viability as function of time. Combination index was calculated at select time points using the Calcusyn software32, 33. As shown in Fig. 5A, in 5TGM1 cells when MTI1101 is combined with bortezomib synergy is observed, as defined by a combination index of less than 1 cells as
early as 30 hours and was maintained to the endpoint of 72 hours. To test whether MTI-101 in combination with
Bortezomib has anti-tumor activity in vivo C57BL/KaLwRijHsd mice (6- to 8-week old) were injected i.v. with
syngeneic 5TGM1 MM cells and were then treated with MTI-101 (10 mg/kg) and/or bortezomib (0.5 mg/kg). As
predicted, mice treated with MTI-101 or bortezomib had improved survival versus vehicle treated mice (Fig. 5B).
Notably, the MTI-101/bortezomib combination had superior anti-myeloma activity versus single-agent treatment. Specifically, mean survival times for vehicle control, bortezomib only, MTI-101 only, and MTI-101/bortezomib combination therapy were 36, 42, 45.5, and 72.5 days, respectively (p < 0.05, Log-Rank Test) (Fig. 5B). To
Scientific Reports | 7: 2685 | DOI:10.1038/s41598-017-02713-0
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Figure 3. Blocking Ca2+ store operated calcium channels or inhibiting Ca2+ entry into mitochondria impairs
MTI-101 induced cell death. (A) NCI-H929 and (B) U266 MM cells were pretreated with 50 μM-APB and
5 μM Ru360 for 30 min or vehicle control (VC). After 30 min cells were treated with 10 or 20 μM of MTI-101,
respectively, for 2 hr. MTI-101 specific cell death was measured by FACS analysis. Shown is a representative
experiment performed in triplicate. (C) NCI-H929 and (D) U266 MM cells were pretreated with 50 µM of
2-APB followed by treatment with 10 or 20 µM of MTI-101, respectively. Ca2+ levels were measured by fluo4
AM. The Y-axis is depicted as gray scale units (GSU or pixel intensity).

assess tumor burden in transplanted mice, IgG2B serum levels were determined (Fig. 5C). Interestingly we could
not detect decreases in IgG2B levels with the combination at 4 weeks, which may reflect decreased fitness for cells
that survive the combination treatment. We had previously reported that selection for resistance to MTI-101
resulted in a compromised CAM-DR phenotype and decreased adhesion to fibronectin and stroma cells15.

Sensitivity to MTI-101 is augmented in Relapsed vs. Primary Multiple Myeloma. To test the
sensitivity of primary vs. relapsed myeloma specimens to MTI-101, CD138-positive malignant plasma cell fractions from thirteen newly diagnosed and twelve relapsed primary MM specimens were treated with MTI-101.
Consistent with our previous studies using the HYD1 linear analog of MTI-10115, MTI-101 was significantly
more potent (p < 0.05, Student’s t-test) in relapsed than newly diagnosed MM specimens (Fig. 6A).
As 2-APB pretreatment inhibits MTI-101-induced death of MM cell lines, we tested whether this Ca2+ blocker
would also impair MTI-101-induced cell death of primary MM specimens. Indeed, patient samples pretreated
with 50 µM 2-APB were also more resistant to MTI-101 treatment (Fig. 6B p < 0.05, Student’s t-test). Thus, similar
to MM cell lines, primary MM cells treated with MTI-101 die, at least in part, due to Ca2+ overload. Finally, as
shown in Fig. 6C, the synergy between MTI-101 and bortezomib was observed in 5 out of the 6 primary patients,
with pt135 showing synergy at 30 but not 60 hrs. Together these data indicate that combining MTI-101 with
bortezomib maybe a good strategy for the treatment of multiple myeloma.

Discussion

MM is a disease that initially responds to chemotherapy. However, despite the range of mechanistically distinct
therapies, the disease will eventually relapse and become refractory to further treatment, underscoring the need
for novel treatment strategies. MM has high basal levels of ER stress due to the load of IgG production and is thus
prone to initiate an unfolded protein response34. This increased ER load appears to contribute to the sensitivity
of MM towards treatment with proteasome inhibitors. Our data support the notion that MM cells also rewire
their Ca2+ circuitry, and that targeting Ca2+ signaling is an attractive therapeutic strategy for drug-resistant MM.
Indeed, this may be a general feature of cancer cells, as demonstrated by increased expression of SOC and STIM1
in multiple tumor types3, 4 and the required roles for elevated Ca2+ pools in cancer cell migration, invasion and
metastasis5, 7. Our findings suggest that remodeling the Ca2+ circuitry occurs at a cost to fitness, rendering cells
vulnerable to death induced by Ca2+ overload.
Our findings indicate that the acquisition of resistance to HYD1 and MTI-101 is associated with remodeling
the circuitry that controls Ca2+ homeostasis. Specifically, drug resistance correlated with the suppression of IP3R,
PLC, TRPC1, and TRPM7 expression and increased expression of TRPM6 and TRPM8 (Table 1). This switch
in expression might reflect a compensatory response allowing for similar basal levels of Ca2+ to support growth
in the face of MTI-101 treatment. Moreover, in this study, we showed that MTI-101 treatment as a single agent
Scientific Reports | 7: 2685 | DOI:10.1038/s41598-017-02713-0
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Figure 4. MTI-101 activates STIM1 and reducing the expression of TRPC1 inhibits MTI-101 induced cell
death. (A) U226 cells over expressing Stim1 m-cherry show increased trafficking to the plasma membrane
following treatment with MTI-101 compared to control cells. Using TIRF microscopy, images of individual
cells (n = 7) at each time point were visualized, analyzed, and linked through time. TIRF images were collected
every 15 seconds over 30 minutes with the experimental group receiving a single 2.5 μM treatment of MTI-101
at 30 seconds. Ft/F0 is the pixel intensity at the indicated time as denoted on the X axis divided by the average
pixel density prior to drug treatment. Mean intensity data for STIM1 mCherry at each time point were extracted
for comparisons. A representative cell from the control group and treatment group is shown before treatment
(0 min) and after treatment (5 and 10 min). Shown is the mean and standard error of 7 cells for a representative
experiment (p < 0.05, Two Way ANOVA). The experiment was repeated 3 independent times and similar data
was obtained. (B and C). TRPC1 expression was reduced by using retroviral TRPC1 shRNA construct and
expression was determined by Western Blot in U266 and MM1.S cells respectively. (B and C See Supplemntal
Data S1). MM1.S and U266 cells were treated with different concentrations (5, 10 and 20 μM) of MTI-101 for
48 hr and cell death was measured using PI staining. Cells with reduced TRPC1 levels cells showed a significant
reduction in MTI-101 induced cell death (p < 0.05, Student’s t-test).

induces increased intracellular Ca2+ levels; a finding that contributes to MTI-101 induced cell death in MM cells.
Evidence to support the role of Ca2+ release from the ER included data showing that the PLC inhibitor partially
blocks MTI-101 induced Ca2+ levels. In addition, we showed that the SOC channel and IP3 receptor inhibitor
2-APB attenuates MTI-101 mediated cell death in MM cell lines as well as primary patient derived CD138 plasma
cells. Finally, we showed that MTI-101 induces STIM1 punctae near the plasma membrane, an event required for
activation of store operated channels. Selection for resistance towards MTI-101 correlated with reduced expression of TRPC1 a component of the store operated channel. This finding guided our focus on the role of TRPC1.
Indeed, we showed that a reduction TRPC1 partially inhibits MTI-101 induced MM cell death. Together, our
results suggest that MTI-101 mediated increase in Ca2 is caused by release of Ca2+ from ER stores and Ca2+ entry
via store-operated channel and that TRPC1 expression is a determinant of response in MM.
Treatment of cancer is typically most effective when combination strategies are implemented. Thus, it is
important to place novel treatment strategies in context with standard of care agents. In this study, we showed
that treatment with MTI-101 in combination with the standard of care agent Bortezomib demonstrates increased
anti-myeloma activity in vitro and in vivo. Importantly, the synergy was maintained using CD138 cells derived
from patients and cultured in an organotypic model which contained bone marrow stroma cell and collagen.
These data indicate that MTI-101 in combination with the proteasome inhibitors is a tractable strategy for the
development of this class of inhibitors. Mechanism of action of bortezomib includes inhibition of NF-κB activity
and the induction of the unfolded protein response (UPR)34, 35. Accordingly, alterations in NF-κB pathways, the
UPR and the induction of autophagy have been implicated in mediating resistance to bortezomib36, 37. Further,
acquired resistance to bortezomib in cell line cultures has been linked to the identification of missense mutations
(Ala49Thr) in the β5-subunit (PSMB5) of the proteasome and to increased expression of PSMB538, 39. However,
sequencing efforts have failed to identify mutations in PSMB5 in clinical resistance to bortezomib40. Several
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Figure 5. Combination treatment with MTI-101 and bortezomib augments survival in vitro and in vivo.
(A) 5TGM1 cells were treated with varying concentrations of MTI-101, bortezomib or the combination of both
drugs for 72 hours using a bone marrow stroma model as described in materials and methods. Combination
indexes (CI) for duplicate wells were calculated at 30 and 72 hrs. (B) 1 × 106 5TGM1 MM cells were injected into
6–8 week old C57BL/KaLwRijHsd mice via tail vein. At day 10, mice were treated with 10 mg/kg of MTI-101
and/or 0.5 mg/kg bortezomib three times a week for three weeks (10 mice per group). Mice were monitored
daily for survival. Mean survival times for vehicle control, bortezomib only (p < 0.02, log-rank sum), MTI101 only (p < 0.01, log rank sum), and MTI-101/bortezomib (p < 0.001, log rank sum) combination therapy
were 36, 42, 45.5, and 72.5 days, respectively. (C) IgG2B serum levels were measured by ELISA once a week for
4 weeks to determine myeloma levels in the peripheral blood. At day 28 all drug treatment groups showed a
significant decrease in IgG2B levels compared to control animals (p < 0.05).

reports indicated that blocking L-type Ca2+ channels or blocking Ca2+ uptake by inhibiting the mitochondria
uniporter blocks cell death induced by bortezomib30, 31. It is attractive to speculate that synergistic cell death
between MTI-101 and Bortezomib is driven via Ca2+ overload of the mitochondria in myeloma cells. However,
recent studies indicate that inhibition of the proteasome can lead to necroptosis in a RIPK3 dependent pathway41.
Thus, it is also feasible that the observed synergy between MTI-101 and bortezomib is due to augmentation of
activation of RIPK3 leading to increased phosphorylation of MLKL and necroptosis. We currently favor the
hypothesis that that as primary samples become resistant to bortezomib, myeloma cells may rewire Ca2+ homeostasis to favor the induction of Ca2+ flux via store-operated channels rather than L-type channels, which underlies
increased sensitivity to MTI-101 induced cell death in specimens obtained from patients relapsing on therapy.
More studies are required to fully understand the mechanistic underpinning of synergy when MTI-101 is combined with bortezomib and the increased activity of MTI-101 in relapsed patient specimens. In summary, MTI101 remains an attractive novel class of compounds to test as a front line combination strategy with proteasome
inhibitors or in the setting of proteasome inhibitor refractory disease.

Materials and Methods

Cells and Reagents. NCI-H929 and U266 multiple myeloma (MM) cells were obtained from American
Type Culture Collection (Manassas, VA) and maintained in RPMI-1640 medium supplemented with 10% FBS
and 1% penicillin/streptomycin/glutamine. NCI-H929 cells were also supplemented with 0.05 mM beta-mercaptoethanol. The HYD1 drug-resistant NCI-H929 cell line H929-60 was developed as previously described15.
The parental and drug resistant line was validated by short tandem repeat (STR) analysis. 5TGM1 myeloma cells
were derived from murine myeloma 5T33 and kept in similar media as U266 cells. All cell lines were tested for
mycoplasma every six months. HYD1 (kikmviswkg) and MTI-101 were synthesized by Bachem (San Diego, CA).
Bortezomib was purchased from Selleck Chem. The compounds U73122 (Sigma), 2-APB (Sigma) and Ru360
(Merck Millipore) were all used to inhibit Ca2+ signaling.
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Figure 6. Relapsed myelomas are more sensitive to MTI-101. Specimens were separated into two groups
depending on clinical diagnosis; either newly diagnosed or relapsed patients. (A) CD138+ cells were treated
with 10 µM of MTI-101 for 24 hr. After 24 hr cell death was measured by Annexin V staining and FACS analysis.
CD138 cells derived from patients which have relapsed on therapy were significantly more sensitive to MTI101 induced cell death compared to CD138 cells obtained from newly diagnosed patients (p < 0.05, Student’s
t-test) (B) CD138+ cells were pretreated with 50 µM 2APB or VC (vehicle control) for 30 min and then were
treated with 10 µM MTI-101 for 24 hrs followed by FACS analysis. (C) Dose response surfaces for primary MM
cells from patients treated ex vivo with bortezomib (50–0.6 nM, 3 fold serial dilution), MTI-101 (20–0.25 uM, 3
fold serial dilultions)) and combination. Exposure time was 96 hrs except for patient pt129 (60 hrs). The actual
combination of MTI-101 and bortezomib (MTI-101 + BTZ) is more effective (higher kill) than theoretical
additive effect (ADDITIVE) indicating synergy between two drugs. Combination indexes (CI) were calculated
using CalcuSyn software at 30 and 60 hrs. Samples were performed in duplicate and independent combination
indexes were calculated for each patient specimen.

Gene Expression Profiling.

Gene expression profiling was performed as previously described42. Briefly,
100 ng of total RNA was isolated using a RNeasy mini kit (Qiagen). The oligonucleotide probe arrays used were
the Human Genome U133 plus 2.0 Arrays. Data were processed and normalized using IRON. The mean expression values of the three experiments were compared between NCI-H929 and H929-60 MM and fold change were
compared between mean expression in the two groups.

Real-Time PCR Analysis. 1 μg total RNA was used as a template to synthesize cDNA with the High Capacity

cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA; Cat. no. 4368814) with a reaction volume
of 50 μL. Real-time PCR was performed on the ABI 7900HT Fast Real-Time PCR System (Applied Biosystems)
using assays specific for each gene of interest. Each reaction well contained 5μL of Power SYBR Green PCR Master
Mix (cDNA equivalent to 20 ng of total RNA and 400 nM each of forward and reverse amplification primers in
a reaction volume of 10 μL. Cycling conditions were as follows: 95 °C for 10 minutes for polymerase activation,
followed by 40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. Data analysis was performed using Sequence
Detection System software from Applied Biosystems, version 2.4. The experimental Ct (cycle threshold) was
calibrated against the endogenous control product GAPDH. Real Time RTPCR was performed by ARQ genetics
LLC Bastrop, TX. The following primer sets were used for amplification.
ATP2A3 For ward pr imer C C GGAAC CACATGCAC GAAG; Re vers e pr imer GGGGATG
GCCATTCTGACCTC
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PLCB1 (span Exon 4–5) Forward primer; GTGTCCGACAGCCTCAAGAA; Reverse primer ATCCCTGAGG
GTCAGTCCTC
TRPC1 Forward primer CGGTTGTCAGAAACTAATGGAACG; Reverse primer CCTGAATTCCAC
CTCCACAAGA
TRPM7 Forward primer CTGCTTTTGATCTCCTGTCCTGT; Reverse primer CAGACAGCC
CATATTGCCCT
ITPR3 Forward primer GTTCCTGACGTGTGACGAGT Reverse primer GCCACCAGGCAGTACTTGAT
HGAPDH-forward primer TGCCCTCAACGACCACTTTG; reverse primer CTCTTCCTCTTGT
GCTCTTGCTG

TIRF imaging of STIM1 mCherry. Imaging of STIM1 mCherry overexpressing U266 cells was performed
using a total internal reflection fluorescence (TIRF) imaging system with objective lens 60x/1.49 Apo TIRF DIC in
oil immersion using a Nikon Eclipse TE2000-E microscope (Melville, NY). Data were collected with a CoolSNAP
HQ monochrome CCD camera (Tucson, AZ) and analyzed by NIS-Elements Software (Nikon Instruments,
Melville, NY). mCherry-tagged STIM1 was excited with a 561-nm TIRF laser respectively, and emissions were
collected using a 300-ms exposure time. TIRF images were collected every 15 seconds over 30 minutes with the
experimental group receiving a single 2.5 μM treatment of MTI-101 at 30 seconds. Images of individual cells
(n = 8) at each time point were analyzed and linked through time. Mean intensity data for STIM1 mCherry at
each time point were extracted for comparisons. All experiments were carried out at 37 °C and 5% CO2.
shRNA knockdown of TRPC1 protein. pVSV-G envelope vector was transfected into gag-pol packaging
genes containing GP-293 cells (63150, Clontech Laboratories, Inc, CA) with TRPC1 shRNA construct, plasmids
containing these sequences (TG308629c, Origene Technologies, MD) to produce infectious ecotropic retrovirus. The viral supernatants were collected 48 hours after transfection and used to infect cells in the presence of
4 μg/mL Polybrene (Sigma-Aldrich, St Louis, MO). Briefly, MM1.S and U266 cells were infected with TRPC1,
Scrambled virus for 24 hr and then removed the virus and incubated the cells with fresh medium for 72 hours
before selecting cells with Puromycin. TRPC1 expression was determined by Western blot with the TRPC1 antibody (c-133076, Santa Cruz Biotechnology, CA).
Measurement of Intracellular Ca2+Concentrations.

Intracellular free Ca2+ was measured using
the Ca -sensitive dyes fura-2 and fluo-4 (Life Technologies). Glass-bottom microwell dishes (35 mm; Mattek
Cultureware, Ashland, MA) were plated with 10-μL Cell-tak (BD Biosciences) per manufacturer’s instructions.
Fura-2 and fluo-4 loading was performed by incubating the plated cells for 30 min at room temperature in
either physiological saline solution (PSS). PSS is consist of 140 mM NaCl, 3 mM KCl, 2.5 mM CaCl2, 1.2 mM
MgCl2, 7.7 mM glucose, and 10 mM HEPES (pH 7.2 with NaOH) or in PSS that did not contain CaCl2. For fura2, measurement of intracellular Ca2+ levels was performed as described43. Changes in intracellular Ca2+ levels
were calculated using the grynkiewicz equation: [Ca2+] = KdQ(R − Rmin)/(Rmax − R). Calibration of the system
was performed using a fura-2 calcium imaging calibration kit (Molecular Probes, Eugene, OR), and values were
determined to be as follows: Q = 23.04; Rmin = 0.31; Rmax = 8.87.
Ca2+ levels were also analyzed by confocal microscopy using fluo-4. Samples of NCI-H929 and U266 cells
were observed with a Leica TCS SP5 AOBS laser scanning confocal microscope through a 63x/1.4NA Plan
Apochromat oil-immersion objective lens (Leica Microsystems CMS GmbH, Germany). Argon 488 laser lines
were applied to excite samples, and tunable emissions were used to minimize crosstalk between fluorochromes.
Time-lapse (10-sec intervals for 22.5 min) images for each sample were captured with photomultiplier detectors
and prepared with LAS AF software version 2.6 (Leica Microsystems). Maximum projection images of individual
cells at each time point were analyzed using the Definiens Developer v2.0 (Definiens AG, Munich, Germany)
software suite. Fluo-4-stained cells were segmented by a combination of intensity and size thresholds. Segmented
cells were linked through time, and mean intensity data for Fluo-4 at each time point were extracted from the
segmentation.
2+

®

Cell Death Analysis.

After treatment with MTI-101, cells were washed with PBS and incubated with 2 nM
TO-PRO-3 iodide (Life Technologies) or FITC Annexin V (BD biosciences) for 45 min. The cells were analyzed
for fluorescence with the use of a FACSCalibur (BD Biosciences, San Jose, CA).

Measurement of cell death by PI staining. U266 and MM1.S (1 × 106 cells/1 ml) cells were incubated
with different concentrations of MTI- 101(5, 10 and 20 µM) for 48 hours. Cells were washed 1x in PBS with 1%
FBS, resuspended in 500 µl of buffer containing (5 µg/ml of PI) and incubated for 15 min at room temperature in
the dark. Samples were analyzed with a BD FACS Calibur flow cytometer (BD Biosciences, San Jose, CA, USA)
within 1 h. For each sample, 10 000 events were counted.
Primary Myeloma Patient Specimens. Patient specimens were from myeloma patients who provided
written informed consent through the Moffitt Total Cancer Care (MCC# 18608) tissue banking protocol per
institutional and IRB regulations. Samples were provided to the laboratory as a de-identified sample from the
Moffitt Tissue Core. Mononuclear cells were separated from human bone marrow aspirates with the use of
Ficoll-Paque PLUS (GE Healthcare, UK). After separation, CD138-positive cells were sorted using MS MACS
Separation Columns (Miltenyi Biotec, Germany) and CD138 microbeads (Miltenyi) per manufacturer’s instructions. For flow cytometry assays using Annexin V and FACS analysis to detect dead cells, CD138 cells were seeded
at 1 million cells/ml in a 96 well plate (100 ul volume) per patient sample. The cell plating density was consistent
across all specimens tested.

®
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Stromal cells. Primary MM cells were co-cultured with bone marrow derived stromal cells obtained from
patients’ BM aspirates, as previously described44. Since this process takes weeks, primary MM cells from fresh
biopsies were co-cultured with established stroma from prior patient samples.

Ex vivo assay. The ex vivo assay used to quantify chemo sensitivity of primary MM cells was described in
detail previously45. Briefly, MM cells (CD138+) were seeded in multi-well plates with previously established
human-derived stroma and collagen-I to a total volume of 8 µL containing approximately 4,000 MM cells and
1,000 stromal cells. Drugs were added using a robotic plate handler, so that every drug was tested at five concentrations (1:3 serial dilution) and two replicates. Negative controls (supplemented growth media with and without
vehicle control, DMSO) were included, as well as positive controls for each drug (cell line MM1.S at highest drug
concentration). Plates were placed in a motorized stage microscope (EVOS Auto FL, Life Technologies) equipped
with an incubator and maintained at 5% CO2 and 37 °C. Each well was imaged every 30 minutes for a total duration of four days.
Digital image analysis algorithm.

We have developed a digital image analysis algorithm previously
described45, 46 to determine changes in viability of each well longitudinally across the 96 h interval.

Drug combination and synergy analysis.

To study interactions between MTI-101 and bortezomib in
patient samples, we have added two drugs diluted serially, so that their concentration ratio remained the same
across all wells tested. Thus the concentrations tested were (BTZ/MTI-101): 50 nM/20 µM, 16.7 nM/6.67 µM,
5.6 nM/2.22 µM, 1.9 nM/0.74 µM and 0.6 nM/0.25 µM. To determine if there is synergy between the two drugs,
we have plotted the dose-response surface of each drug individually, their actual combination, and the theoretical
additive curve (Fig. 6). Here we use the classic definition of synergy, which determines that two drugs are synergistic if their combined effect (percent cells killed) is higher than the combination of their independent effects47.
For instance, consider that drugs A and B, at a specific concentration and during a certain period of time, kill the
fractions a and b of cells, where a < 1 and b < 1. Should the combination of both drugs kill a fraction equal to
[1 − (1 − a) * (1 − b)], then A and B are additive. If the fraction killed is higher, the drugs are synergistic; if lower,
they are antagonistic.

Murine 5TGM1 Myeloma Model. Animal studies were conducted using 6- to 8-week-old female C57BL/
KaLwRijHsd mice (Harlan) in accordance with the NIH Guide for the Care and Use of Laboratory Animals and
protocols were approved by the University of South Florida IACUC committee. 5TGM1 MM cells were injected
i.v. via tail vein. Establishment of MM tumors in inoculated mice was followed by assaying immunoglobulin G2b
(IgG2b) monoclonal paraprotein in sera prepared from whole blood obtained by a submandibular bleed. Mouse
IgG2b levels were assayed by an ELISA (Bethyl Laboratories, Montgomery, TX) on days 7, 14, 21, and 28 per manufacturer’s instructions. On day 10 after inoculation, mice began treatment with 10 mg/kg MTI-101 or 0.5 mg/kg
bortezomib 3 times/week (Monday, Wednesday, Friday) for 21 days, for nine treatments. All drugs were administered by IP injections. Mice were then examined until euthanization, which occurred when mice displayed hind
leg paralysis or tumors grew in excess of 2 cm in diameter. On day 100, all remaining mice were euthanized.

References

1. Kyle, R. A. & Rajkumar, S. V. Multiple myeloma. N Engl J Med 351, 1860–1873, doi:10.1056/NEJMra041875 (2004).
2. Kyle, R. A. & Rajkumar, S. V. Criteria for diagnosis, staging, risk stratification and response assessment of multiple myeloma.
Leukemia 23, 3–9, doi:10.1038/leu.2008.291 (2009).
3. Sobradillo, D. et al. A reciprocal shift in transient receptor potential channel 1 (TRPC1) and stromal interaction molecule 2 (STIM2)
contributes to Ca2+ remodeling and cancer hallmarks in colorectal carcinoma cells. J Biol Chem, doi:10.1074/jbc.M114.581678
(2014).
4. Roderick, H. L. & Cook, S. J. Ca2+ signalling checkpoints in cancer: remodelling Ca2+ for cancer cell proliferation and survival. Nat
Rev Cancer 8, 361–375, doi:10.1038/nrc2374 (2008).
5. Yang, S., Zhang, J. J. & Huang, X. Y. Orai1 and STIM1 are critical for breast tumor cell migration and metastasis. Cancer Cell 15,
124–134, doi:10.1016/j.ccr.2008.12.019 (2009).
6. Chen, Y. T. et al. The ER Ca(2)(+) sensor STIM1 regulates actomyosin contractility of migratory cells. J Cell Sci 126, 1260–1267,
doi:10.1242/jcs.121129 (2013).
7. Kim, J. H. et al. Orai1 and STIM1 are critical for cell migration and proliferation of clear cell renal cell carcinoma. Biochem Biophys
Res Commun 448, 76–82, doi:10.1016/j.bbrc.2014.04.064 (2014).
8. Nakagawa, T. et al. Cyclophilin D-dependent mitochondrial permeability transition regulates some necrotic but not apoptotic cell
death. Nature 434, 652–658, doi:10.1038/nature03317 (2005).
9. Bourguignon, L. Y., Singleton, P. A. & Diedrich, F. Hyaluronan-CD44 interaction with Rac1-dependent protein kinase N-gamma
promotes phospholipase Cgamma1 activation, Ca(2+) signaling, and cortactin-cytoskeleton function leading to keratinocyte
adhesion and differentiation. J Biol Chem 279, 29654–29669, doi:10.1074/jbc.M403608200M403608200 (2004).
10. Putney, J. W. Jr. Capacitative calcium entry: sensing the calcium stores. The Journal of cell biology 169, 381–382, doi:10.1083/
jcb.200503161 (2005).
11. Pani, B. et al. Activation of TRPC1 by STIM1 in ER-PM microdomains involves release of the channel from its scaffold caveolin-1.
Proc Natl Acad Sci USA 106, 20087–20092, doi:10.1073/pnas.0905002106 (2009).
12. McConkey, D. J. & Orrenius, S. The role of calcium in the regulation of apoptosis. Journal of leukocyte biology 59, 775–783
(1996).
13. Qian, T., Herman, B. & Lemasters, J. J. The mitochondrial permeability transition mediates both necrotic and apoptotic death of
hepatocytes exposed to Br-A23187. Toxicology and applied pharmacology 154, 117–125, doi:10.1006/taap.1998.8580 (1999).
14. Yamashima, T. Ca2+-dependent proteases in ischemic neuronal death: a conserved ‘calpain-cathepsin cascade’ from nematodes to
primates. Cell calcium 36, 285–293, doi:10.1016/j.ceca.2004.03.001 (2004).
15. Emmons, M. F. et al. Acquisition of resistance toward HYD1 correlates with a reduction in cleaved alpha4 integrin expression and a
compromised CAM-DR phenotype. Mol Cancer Ther 10, 2257–2266, doi:10.1158/1535-7163.MCT-11-0149 (2011).
16. Gebhard, A. W. et al. MTI-101 (cyclized HYD1) binds a CD44 containing complex and induces necrotic cell death in multiple
myeloma. Mol Cancer Ther. doi:10.1158/1535-7163.MCT-13-0310 (2013).

Scientific Reports | 7: 2685 | DOI:10.1038/s41598-017-02713-0

10

www.nature.com/scientificreports/
17. Nair, R. R. et al. HYD1-induced increase in reactive oxygen species leads to autophagy and necrotic cell death in multiple myeloma
cells. Mol Cancer Ther 8, 2441–2451, doi:10.1158/1535-7163.MCT-09-0113 (2009).
18. Galluzzi, L. et al. Cell death modalities: classification and pathophysiological implications. Cell death and differentiation 14,
1237–1243, doi:10.1038/sj.cdd.4402148 (2007).
19. Galluzzi, L. & Kroemer, G. Necroptosis: a specialized pathway of programmed necrosis. Cell 135, 1161–1163, doi:10.1016/j.
cell.2008.12.004 (2008).
20. Sun, L. et al. Mixed lineage kinase domain-like protein mediates necrosis signaling downstream of RIP3 kinase. Cell 148, 213–227,
doi:10.1016/j.cell.2011.11.031 (2012).
21. Vandenabeele, P., Galluzzi, L., Vanden Berghe, T. & Kroemer, G. Molecular mechanisms of necroptosis: an ordered cellular
explosion. Nature reviews. Molecular cell biology 11, 700–714, doi:10.1038/nrm2970nrm2970 (2010).
22. Lee, K. P., Yuan, J. P., So, I., Worley, P. F. & Muallem, S. STIM1-dependent and STIM1-independent function of transient receptor
potential canonical (TRPC) channels tunes their store-operated mode. J Biol Chem 285, 38666–38673, doi:10.1074/jbc.M110.155036
(2010).
23. Liao, Y. et al. A role for Orai in TRPC-mediated Ca2+ entry suggests that a TRPC:Orai complex may mediate store and receptor
operated Ca2+ entry. Proc Natl Acad Sci USA 106, 3202–3206, doi:10.1073/pnas.0813346106 (2009).
24. Cai, Z. et al. Plasma membrane translocation of trimerized MLKL protein is required for TNF-induced necroptosis. Nat Cell Biol 16,
55–65, doi:10.1038/ncb2883 (2014).
25. Berridge, M. J. Inositol trisphosphate and calcium signalling. Nature 361, 315–325, doi:10.1038/361315a0 (1993).
26. Lewis, R. S. Store-operated calcium channels: new perspectives on mechanism and function. Cold Spring Harbor perspectives in
biology 3, doi:10.1101/cshperspect.a003970 (2011).
27. Tang, L. et al. Structural basis for Ca2+ selectivity of a voltage-gated calcium channel. Nature 505, 56–61, doi:10.1038/nature12775
(2014).
28. Ward, P. D., Ouyang, H. & Thakker, D. R. Role of phospholipase C-beta in the modulation of epithelial tight junction permeability.
The Journal of pharmacology and experimental therapeutics 304, 689–698, doi:10.1124/jpet.102.043638 (2003).
29. Bootman, M. D. et al. 2-aminoethoxydiphenyl borate (2-APB) is a reliable blocker of store-operated Ca2+ entry but an inconsistent
inhibitor of InsP3-induced Ca2+ release. FASEB journal: official publication of the Federation of American Societies for Experimental
Biology 16, 1145–1150, doi:10.1096/fj.02-0037rev (2002).
30. Jung, H. J. et al. Calcium blockers decrease the bortezomib resistance in mantle cell lymphoma via manipulation of tissue
transglutaminase activities. Blood 119, 2568–2578, doi:10.1182/blood-2011-09-377598 (2012).
31. Landowski, T. H., Megli, C. J., Nullmeyer, K. D., Lynch, R. M. & Dorr, R. T. Mitochondrial-mediated disregulation of Ca2+ is a
critical determinant of Velcade (PS-341/bortezomib) cytotoxicity in myeloma cell lines. Cancer Res 65, 3828–3836,
doi:10.1158/0008-5472.CAN-04-3684 (2005).
32. Chou, T. C. Theoretical basis, experimental design, and computerized simulation of synergism and antagonism in drug combination
studies. Pharmacol Rev 58, 621–681, doi:10.1124/pr.58.3.10 (2006).
33. Chou, T. C. Drug combination studies and their synergy quantification using the Chou-Talalay method. Cancer Res 70, 440–446,
doi:10.1158/0008-5472.CAN-09-1947 (2010).
34. Obeng, E. A. et al. Proteasome inhibitors induce a terminal unfolded protein response in multiple myeloma cells. Blood 107,
4907–4916, doi:10.1182/blood-2005-08-3531 (2006).
35. Hideshima, T. et al. The proteasome inhibitor PS-341 inhibits growth, induces apoptosis, and overcomes drug resistance in human
multiple myeloma cells. Cancer Res 61, 3071–3076 (2001).
36. Chen, S. et al. A Bim-targeting strategy overcomes adaptive bortezomib-resistance in multiple myeloma through a novel link
between autophagy and apoptosis. Blood, doi:10.1182/blood-2014-03-564534 (2014).
37. Park, J. et al. Establishment and characterization of bortezomib-resistant U266 cell line: constitutive activation of NF-kappaBmediated cell signals and/or alterations of ubiquitylation-related genes reduce bortezomib-induced apoptosis. BMB reports 47,
274–279 (2014).
38. Oerlemans, R. et al. Molecular basis of bortezomib resistance: proteasome subunit beta5 (PSMB5) gene mutation and overexpression
of PSMB5 protein. Blood 112, 2489–2499, doi:10.1182/blood-2007-08-104950 (2008).
39. Lu, S. et al. Point mutation of the proteasome beta5 subunit gene is an important mechanism of bortezomib resistance in
bortezomib-selected variants of Jurkat T cell lymphoblastic lymphoma/leukemia line. J Pharmacol Exp Ther 326, 423–431,
doi:10.1124/jpet.108.138131 (2008).
40. Politou, M. et al. No evidence of mutations of the PSMB5 (beta-5 subunit of proteasome) in a case of myeloma with clinical
resistance to Bortezomib. Leuk Res 30, 240–241, doi:10.1016/j.leukres.2005.06.014 (2006).
41. Moriwaki, K. & Chan, F. K. Regulation of RIPK3- and RHIM-dependent Necroptosis by the Proteasome. J Biol Chem 291,
5948–5959, doi:10.1074/jbc.M115.700997 (2016).
42. Hazlehurst, L. A. et al. Genotypic and phenotypic comparisons of de novo and acquired melphalan resistance in an isogenic multiple
myeloma cell line model. Cancer Res 63, 7900–7906 (2003).
43. DeHaven, W. I. & Cuevas, J. VPAC receptor modulation of neuroexcitability in intracardiac neurons: dependence on intracellular
calcium mobilization and synergistic enhancement by PAC1 receptor activation. J Biol Chem 279, 40609–40621 (2004).
44. Najar, M. et al. Mesenchymal stromal cells promote or suppress the proliferation of T lymphocytes from cord blood and
peripheral blood: the importance of low cell ratio and role of interleukin-6. Cy totherapy 11, 570–583,
doi:10.1080/14653240903079377 (2009).
45. Silva, A., Jacobson, T., Meads, M., Distler, A. & Shain, K. An Organotypic High Throughput System for Characterization of Drug
Sensitivity of Primary Multiple Myeloma Cells. J. Vis. Exp. e53070, doi:10.3791/53070 (2015).
46. Khin, Z. P. et al. A preclinical assay for chemosensitivity in multiple myeloma. Cancer Res 74, 56–67, doi:10.1158/0008-5472.CAN13-2397 (2014).
47. Winter, G. E. et al. Systems-pharmacology dissection of a drug synergy in imatinib-resistant CML. Nat Chem Biol 8, 905–912,
doi:10.1038/nchembio.1085 (2012).

Acknowledgements

®

Total Cancer Care is enabled, in part, by the generous support of the DeBartolo Family, and we thank the many
patients who so graciously provided data and tissue to the Total Cancer Care Consortium. Our study also received
valuable assistance from the Molecular Genomics, Bioinformatics, Flow cytometry and Translational Medicine
at the H. Lee Moffitt Cancer Center & Research Institute, an NCI-designated Comprehensive Cancer Center,
supported under NIH grant P30-CA76292. This work was also supported by the Flow Cytometry and Microscopy
core at WVU, NIH/NIGMS Award Number U54GM104942 and 1R01CA195727-01 (LAH).

Scientific Reports | 7: 2685 | DOI:10.1038/s41598-017-02713-0

11

www.nature.com/scientificreports/

Author Contributions

M.E., N.A., A.S. and K.S. performed experiments and analyze the data: J.C. provide calcium imaging expertise;
M.E., J.C., A.S., N.A. and L.H. designed experiments; M.M. provided cyclic peptide; A.S., M.E., N.A., S.Y. and
L.H. wrote and contributed to editing the manuscript.

Additional Information

Supplementary information accompanies this paper at doi:10.1038/s41598-017-02713-0
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

Scientific Reports | 7: 2685 | DOI:10.1038/s41598-017-02713-0

12

